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ENTHA longifolia is one of the most vital medicinal and economic plants in Saudi

Arabia. This study aimed to describe the bacterial endophytic diversity associated with
the leaves and root of M. longifolia from two different locations in Al-Madinah region, Saudi
Arabia, using metagenomics approach, then, correlate their deviation with the environmental
stress conditions. Chemical analysis of the essential oils from M. longifolia leaves revealed the
predominance of carvenone in the first location (Abyar-Ali) and pulegone in second one (Abyar-
Almashi). When the irrigation water in the two locations was chemically analyzed, the results
showed high content of total dissolved solids in Abyar-Ali area compared to Abyar-Almashi.
On the other hand, Abyar-Almashi irrigation water had higher levels of the total organic
nitrogen. Illumina MiSeq analysis of the endophytic microbiome using V3-V4 amplicons
of the rRNA gene detected 114 distinct OTUs. These 114 OTUs were grouped under eight
different bacterial phyla most of which belonged to Proteobacteria followed by Cyanobacteria.
Within the eight phyla, all taxa were clustered into 14 class, 25 order, 41 family and 57 genera.
Among the detected endophytic microbial taxa, nitrogen fixing bacteria that play a crucial role
in pulegone biosynthesis, Pseudomonas, as well as Enterobacter, both excellent degrader of
organic compounds were found with high abundance in Abyar-Almashi. While genus Bacillus
long with other genera, either dominated or were unique to Abyar-Ali in response to the high
salt stress in that location. Collectively, the previous results designate that, the dynamics in the
number, type and distribution of the bacterial endophytic population between the two areas
varies in response to the type of stress to which the plant is exposed.
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Introduction help with nutrient solubilization and absorption,

improving plant growth in addition to increasing

Endophytes are group of microorganisms that
inhabit various host plant tissues in a commensal
or beneficial association without showing any
symptoms. Endophytes commonly comprise
different types of microbes including bacteria,
fungi and actinomycetes (Kaul et al., 2016).
Endophytes greatly affect plant’s health and yield
(Tianetal., 2015; Abd El-Megeed & Mohiy, 2022).
The complex relations between the microbe and
its host is valued source of new metabolites and
biotechnologically important products (Kaul et al.,
2016). Those metabolites are the same or similar to
their associated plant enzymes (Heinig et al., 2013).
The host plants benefit from their endophytes as they

their tolerance to both biotic and abiotic stress as
well as soil contaminants (Rodriguez et al., 2008;
Alvin et al., 2014).

Mentha (mint) is a pharmaceutically important
plant that is cultivated worldwide, it is classified as
genus in family Lamiaceae and contains about 42
species. Mentha naturally grows in Europe, Africa,
Asia, Australia, and North America (Kregiel et al.,
2018). Because it has many medical benefits as
well as refreshing odor and taste, mint is one of the
most common herbs and it is widely used in food
preparation, as well as cosmetics manufacturing
(Saced et al., 2006). Different Mentha species
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are used as treatment for ulcerative colitis, throat
infection, bronchitis, nausea and liver problem
(Iscan et al., 2002). Furthermore, Mentha essential
oils are reported to have very effective antioxidant,
antifungal, and antibacterial activity against
bacterial growth (de Sousa Barros et al., 2015).

Mentha species are well studded considering
their medical and pharmaceutical properties, or
otherwise for their essential oils composition and
effects. However, no published data discussed
Mentha microbiome. Moreover, very few
studies covers M. longifolia in Saudi Arabia. The
metagenomics is an important and helpful technique
that allow the detection and analysis of the entire
microbial population including both culturable and
unculturable endophytic communities (Dinsdale et
al., 2008). It escapes the necessity and disadvantages
of isolation and cultivation methods (Kaul et al.,
2016). Previously, metagenomics analysis have
enhanced the understanding of the microbial
population diversity in several environments
including plants (Akinsanya et al., 2015). Such
studies are important to elucidate how internal
microbes affect stress tolerance and promote its
host plant growth (Kaul et al., 2016). Implying
metagenomics in analyzing the multiplicity of mint
microbiome will deliver improved understanding
of M. longifolia growth requirements and will
emphasize the great prospective of the endophytic
microbiome in enchanting plant growth, production
and improvement of plant stress tolerance. This study
is aiming to analyze the endophytic microbiome
inhabiting M. longifolia leaves and roots; in addition
to investigating the effect of irrigation water on their
diversity and distribution in Medina region, KSA
using metagenomics approach. We understand that,
this is the first article to investigate both cultivable
and uncultivable bacterial population inhabiting this
plant.

Materials and Methods

Plant sample preparation

The M. longifolia plants were collected from
two different sites in Al- Medina region, Saudi
Arabia, Abyar-Ali (24°25°33.6”N, 39°33°52.8”E)
and Abyar-Almashi (24°06°51.8”N, 39°38°09.2”E).
Good looking healthy plant materials were
randomly selected directly from the field. Each
sample was thoroughly washed until all soil particles
were removed then left to dry. The plants were
detached to leaves and roots, then surface sterilized
according to Anjum & Chandra (2015), with some
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modifications. Briefly, plant parts were submerged
in 70% ethanol for 2min, then treated with sodium
hypochlorite (2.5%) solution (1:30min for leaves
and 3min for roots). Samples were then washed
three times in sterile distilled water and dried out.
One hundred fifty microliters of the last washing
water were cultivated onto nutrient agar plates, to
ensure the efficiency of the surface sterilization
technique. Any bacterial or fungal colonies in the
inoculated plates within 24-72h of incubation (30°C
+ 2°C) indicates ineffective surface sterilization and
samples discarded.

Isolation of microbial community metagenome

One gram from the different sterile plant
parts were separately mashed with glass beads in
phosphate-buffered saline (pH 7.0) to crush tissue.
The resulted slurry was transferred to a sterile
50mL falcon tube and placed in vortex for one
hour in the refrigerator to release the microbes out
of the tissues. The resulting homogenized solution
was filtered through sterile gauze to remove the
host plant large material. The pooled solution
was then centrifuged at 14,000rpm for Smin to
obtain endophytic microbial sediment. Later, the
total genomic DNA of each sample was extracted
from the endophytic microbial community
using ZymoBIOMICS™ DNA Miniprep Kit
following the manuals’ instructions. The purity and
concentration of the collected genomic DNA was
checked at A260/280nm using (NanoDrop 2000c
spectrophotometer, Thermo Scientific, U.S.A.).
DNA samples integrity was detected using 0.8%
agarose gel. Samples stored at —80°C for further use
in the metagenomics sequencing analysis.

Metagenomics analysis

The bacterial community was identified based
on ribosomal DNA (16S rDNA) sequencing, using
the next generation MiSeq Illumina Sequencing
Platform available at Beijing Genomics Institute
(BGI), China.

1llumina library preparation

Four qualified metagenomics DNA samples were
used to construct a library, leaves (MA1) and roots
(MA3) from Abyar-Ali; Leaves (MM1) and roots
(MM3) from Abyar-Almashi. The hyper variable
V3-V4 regions (400bp length) of the bacterial 16S
rRNA gene were amplified. Two fusion primers that
included, specific index sequence for each sample;
the Illumina adapter; as well as the universal
primers 341F (GCCTACGGGNGGCWGCAG)
and 806R (ACTACHVGGGTATCTAATCC),
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were used to generate the amplicon library. Each
PCR reaction (50puL) has 30ng of metagenomics
DNA, and the PCR protocol was as follows, initial
denaturation at 98°C for 3min then 30 cycles of
45sec at 98°C, 45sec at 55°C, and 72°C for 45sec,
finally an extension step at 72°C for 7min. To
remove the unspecific amplicons from the PCR
library, the products were purified with Ampure XP
beads (AGENCOURT). Library quality and size
distribution was determined using the Agilent 2100
bioanalyzer. Each library was qualified by real-time
quantitative PCR (EvaGreen™). Only the qualified
libraries were loaded and sequenced pair end onto
[llumina MiSeq platforms for a 2x300 paired end
sequencing with dual index reads.

Processing of sequencing data and data analysis

The raw sequence data (forward & reverse
read) were trimmed and filtered to eliminate reads
with adapter contaminated sequences, barcodes,
primer pollution, ambiguous and low-quality
bases to obtain clean reads. Then the high-quality
paired-end reads with overlap were combined to
tags. Sequences with high quality were analyzed
for chimeric reads, and cleaned out by UCHIME
v4.2.40 (Edgar et al., 2011). The resulting tags were
grouped into operational taxonomic units (OTUs)
with 97% clustering threshold using UPARSE
pipeline (Edgar, 2013) then the OTU abundance was
calculated using USEARCH. Then, representative
sequence of each OTU was taxonomically
classified using UNITE database (Abarenkov et al.,
2010), using 0.6 confidence values as cutoff. Venn
diagram; the OUT relative abundancoye histograms
and OTU rank curve illustration as well as the
principal component analysis (PCA) and species
heatmap analysis calculations were generated using
software R (R Core Team, 2018). OTUs at the
genus level were used to reconstruct phylogenetic
tree using the QIIME v1.80 (Caporaso et al., 2010)
and imaged by software R v3.1.1.

The complexity of taxa diversity was calculated
in both alpha and beta directions. The rarefaction
curve based on Shannon analysis calculations was
used to evaluate the alpha diversity in each sample,
the curve was drawn by software R v3.1.1. Bray-
Curtis analysis was calculated by QIIME v1.80
software (Caporaso et al., 2010) to measure beta
diversity.

Chemical analysis: The chemical analysis was
performed at the national research center, Egypt.

Irrigation water chemical analysis

Water samples from each sampling site were
collected and chemical analysis was carried out
to measure the nutrients and salt concentrations
in each sample. Chloride concentration was
measured according to the argentometric method
(Yoder Lester, 1919), while the total phosphorous
was measured calorimetrically according to
Vanado-Molybdate method (APHA, 2005). The
standard macro-Kijeldhal colorimetric method
was used to measure the total Kjeldahl Nitrogen
(TKN). Ammonium (NH4-N) concentration was
determined by the salicylate method (Kempers
& Kok, 1989) and measured at 650 nm using
spectrophotometer. Nitrate was analyzed using
sodium salicylate method. Sodium (Na), Calcium
(Ca), Magnesium (Mg), Sulfates (SO4), and
Potassium (K) were measured according to Ion
Chromatography method (Dione X ICS-5000T DS-
Thermo).

Essential oil components determination in the
plant

Aecrial parts of mint of both samples were hydro-
distillated for 3 h, using Clevenger-type apparatus.
The extracted essential oils were analyzed using
gas chromatography—mass spectrometry GC-MS
(Laboratory Equipment Company [LECo], USA),
and separated on trace GC ultra-chromatography
(Thermo Scientific, USA), equipped with ISQ-
Mass (Thermo Scientific, USA) and TG-5MS
capillary column (Thermo Scientific, USA). The
separation program was as follow; 50°C for 3min
and temperatures increase at rate 4°C/min to 140°C
then isothermal hold for Smin, followed by 6°C/
min to 260°C with 5min isothermal hold. The
carrier gas was helium, and the ionization energy
was set at 70 eV. The national institute of standards
and technology (NIST, USA) library was used for
compounds identification.

Results

The present study aimed to determine the
endophytic bacterial communities associated with
M. longifolia cultivated in two locations (Abyar-
Ali and Abyar-Almashi) in Medina region, KSA
that are irrigated with two different types of water.
Morphological variation between leaves and roots
samples collected from different sites was observed.
Abyar-Ali leaves were bigger and have light color
(Fig. 1a) with strong odor and the plants’ roots
were more branched than Abyar-Almashi samples
(Fig. 1b).
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(MA1)

Abyar-Ali plant root
(MA3)

Abyar-Ali plant leaf

Abvyar-Almashi plant leaf
(MM1)

Abyar-Almashi plant roots
(MM3)

Fig. 1. Variations in the morphology of M. longifolia plant grown in two separate locations, (A) Large size and light

color of the leaf detached from the plant grown in Abyar-Ali compared to that grown in Abyar-Almashi;

(B) root branching of M. longifolia plant grown in Abyar-Ali compared to that grown in Abyar-Almashi

Chemical analysis

The analysis of irrigation water clarified
that, the water from Abyar-Ali had high total
dissolved solids (TDS= 3000 mg/L) content
compared to that of Abyar-Almashi location (800
mg/L). The analysis also showed that Abyar-Ali
has higher levels of salts such as Sulfate (200.9
mg/L); Calcium (514.55 mg/L) and Sodium
(765.86 mg/L) compared to Abyar-Almashi that
reported (65, 97.7 and 146.89 mg/L) from each
salt respectively. Abyar-Almashi irrigation water
on the other hand had higher levels of the total
nitrogen (9.8 mg/L) compared to (5.7 mg/L) in
Abyar-Ali.

Chemical analysis of the volatile oils in the
plant leaves from each site showed that Abyar-
Ali samples had higher relative abundance levels
of carvenone (16.8 Peak Area %) compared to
(1.49 Peak Area %) in Abyar-Almashi samples.
Alternatively, Abyar-Almashi had higher relative
abundance levels of the pulegone (13.42 Peak Area
%) compared to (0.83 Peak Area %) in Abyar-Ali.
Both samples had similar levels of 2-pinene-4-
one (~ 14 Area %) with 18 other compounds that
represented very small percentage.

Metagenomics data

The main targets of this study were to define
the diversity of M. longifolia bacterial endophytes
and to assess the effect of irrigation water on
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their population complexity. The metagenome
profiling targeting the V3-V4 region of the 16S
ribosomal RNA gene revealed high level of
bacterial diversity. The raw sequence reads were
(362703*2). After quality processing of initial
sequence, a total of (308709*2) high-quality
clean reads were obtained. Based on overlaps,
the clean sequence was combined into 307576
tags in total, with average 76894 tags per sample
and the average length was 446 bp. The tags were
assigned to 114 different OTUs across all four
samples after clustering at a 97% similarity level.
Obviously, the root samples had higher richness
than the leaves represented in the number of
OTUs, detailed information about the sequencing
data is found in Table 1.

According to Venn diagram analysis, a reliable
overlap patterns of OTU clusters among different
samples were obtained (Fig. 2). From the total
114 OTUs obtained, 29 OTUs representing about
25.4%, were common to both regions, nine were
found to be unique to the samples collected from
Abyar-Ali (MA) while 28 unique OTUs observed
in Abyar-Almashi samples (MM) none of which
were unique to the leaves while 39 OTUs were
distinctively found in the root tissue. The root
samples from the two areas shared high percentage
of OTUs (30.5%), in contrast, the leaves shared a
lower number of OTUs (5.2%).
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TABLE 1. Sequencing data and OTUs of endophytic bacteria in M. longifolia tissues at 97% similarity. OTU
numbers per sample primarily represents the degree of sample diversity

Sample Raw Clean Raw Clean Connect  Average Tag OTU* Shannon

name data data reads reads tag length/ number number index”
(Mbp) (Mbp) number SD™

MAI1 52.64 43.97 88478*2  78537%*2 78424 445/1 169 1 0

MA3 53.23 42.44 89620*2  75886*2 75528 446/3 712 38 2.807556

MM1 57.66 45.16 97241*2  80771%2 80537 446/3 1177 18 1.809075

MM3 51.72 41.01 87364*2  73515%2 73087 448/6 5637 57 2.321069

“ Alpha diversity statistics using Shannon index
" Stander deviation
£ Operational taxonomic units

Fig. 2. Venn diagrams analysis showing the number
of shared/unique OTUs across the two
sampling locations Abyar-Ali and Abyar-
Almashi

The OUTs composition between the two
sample groups showed a discrete separation based
on the sampling area as illustrated by the principal
component analysis (PCA). It also indicated that
the diversity between the samples from Abyar-
Ali is higher than that between Abyar-Almashi
samples (Fig. 3).

Rank abundance analysis showed that MA3 as
well as MM3 has the best species richness followed
by MMI. The analysis also showed that all the
samples displayed some level of abundance with
one or more of the detected OTUs as indicated by
the variable levels of steepness in their rank curve
gradient with the sample MM1 showing the lowest
level of evenness (Fig. 4).

The considered diversity indices that calculated
the Alpha-diversity, indicated that, the highest
level of bacterial complexity (expressed as species
diversity) was observed in MA3 followed by

MM3, however no complexity was observed
in MA1, Shannon estimator analysis values are
shown in Table 1. On the other hand, beta diversity
distance analysis calculated based on the OTU
data pointed out that the bacterial population in
MM is discretely separated from MA samples as
indicated in the Bray-Curtis distance matrix based
heat-map (Fig. 5), but it shows relatively similar
OTU composition between the leaves and the root
from Abyar-Almashi area which confirms the PCA
analysis.

0.4

0.0

PC2(32.46%)

T T T T T T
-0.6 -04 -0.2 0.0 0.2 04 06

PC1(55.52%)

Fig. 3. PCA analysis based on OTU composition
showing the diversity among samples
[X-axis represents the 1* principal component
while the Y-axis is the 2" principal component.
The assorted colors signify diverse groups (red
is Abyar-Ali; blue is Abyar-Almashi), and a dot
denotes the different samples]
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Fig. 5. Bray Curtis analysis represented as heat map
showing beta-diversity distance distribution
among samples, it reflect the differences
between any two communities [Bigger index
indecates greater difference]

Taxonomic analysis that included species
composition and abundance indicated that the
114 OTUs detected in the metagenomes isolated
from the four different tissues of M. longifolia
were taxonomically grouped into eight different
bacterial phyla, mostly (78.8%) belong to
Proteobacteria that were found to be represented in
three samples (MA3, MM1 and MM3) at different
rates but it was not detected in the last sample
(MA1). The remaining (21.2%) were classified
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as; Cyanobacteria (8.7%); Firmicutes (4.45%);
Actinobacteria (4.2%); Bacteroidetes (2.3%); TM7
(1.15%); Verrucomicrobia (0.3%) and finally with
very small percentage Acidobacteria (0.026%). This
was also confirmed by the phylogenetic analysis as
shown in Fig. 6 that represents the evolutionary
relationship between the identified genera.

At the class level 14 different classes were
categorized, with noticeable percentage (35.0%)
of unclassified OTUs. Alphaproteobacteria was
dominant in three of the samples with the highest
relative distribution (36.9%). The abundance
analysis showed that the absolute number of
classified orders is 25, however the OTUs with
less than 0.5% abundance in all samples were
grouped into ‘others’. More than third (38.9%) of
the OTUs were not classified into a defined family,
however the remaining (61.1%) were successfully
categorized into 34 different families. Families
Enterobacteriaceae (29%) and Moraxellaceae
(22%) were dominant in MM samples, while
family Bacillaceae (12.4%) dominated MA
samples. Genus Enterobacter showed relatively
high prevalence among Enterobacteriaceae of
MM. On the other hand, genus Bacillus of the
family Bacillaceae was found in MA samples
in high level. At the genus level, 57 genera were
determined, 40.6% of them were not classified into
a defined genus. Samples from MM had relatively
high abundance of genera Enterobacter and
Pseudomonas with the genus Comamonas unique
to that sampling location. The absolute abundance

of each genus across samples are presented in Fig.
7.

Most of the OTUs (70.5%) were not
classified under any previously identified species
which indicate that M. longifolia is rich with
new species, with the plants from Abyer-Ali
harbor higher percentage (90%) of unclassified
species than Abyar-Almashi plants that had
47.4% of its endophytic bacterial population as
unknown species. The root and leaves samples
of Abyar-Almashi were highly populated with
the species Enterobacter hormaechei (47.1%)
and Acinetobacter johnsonii (34.8%). While
the species Pseudoxanthomonas mexicana was
uniquely found in the root microbiome. On
the other hand, Lysinibacillus massiliensis and
Sphingobacterium multivorum were unique to the
root sample of Abyar-Ali. Methylotenera mobilis
and Mycobacterium vaccae are common species
between the root samples.
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Discussion

The underestimation of non-cultivable
microorganisms beneficially living inside the
plant tissue and the limitations of direct isolation
techniques has become more and more relevant
with the advent of metagenomics techniques.
These strains can be obtained through enrichment
procedures (Thompson et al., 2005), aiming
to isolate autochthonous microorganisms that
usually produce large amount of metabolites
which can be used for plant benefit as well as in
different biotechnological applications. Knowing
the diversity of the bacterial community associated
with a medically important plant, like mint, and the
effect of irrigation water in the distribution of that
community will greatly affect our understanding
of that plant needs and development methods. It
also would provide a microbial population that
can be used for the benefit of other crops. In this
work, we assessed whether the type of irrigation
water had significant effects on the microbial
community arrangements.

The results obtained showed a discrete
separation in the bacterial population based on
the sampling location indicating the effect of
irrigation water, as groundwater well was the
source of irrigation in Abyar-Ali. Groundwater
is known to contain various types of dissolved
inorganic chemicals that originate from chemical
and biochemical interactions between water and
the geological materials as well as from dissolution
or weathering of the rocks and soil (Sener et
al., 2021) which explains the high amount of
total dissolved solids and salts concentrations
detected in MA water. The high salt concentration
may also the cause for the accumulation of
aminocyclopropane-1-carboxylic acid (ACC)
deaminase, indole acetic acid (IAA), and proline to
help plants tolerate salinity stress. The production
of the previous compounds reduces the ethylene
level in plants, leading to better root growth and
leaf biomass (Qureshi et al., 2013; Raghuwanshi
& Prasad, 2018; Saikia et al., 2018), which
explains the morphological variation between
plants across sampling locations. On the other
hand, the high level of nitrogen in MM water is
probably due to irrigation with treated wastewater
in this location. During wastewater management
with activated sludge, its high level of nitrogen
result in many complications, since nitrification
process is often inhibited by high ammonia and
nitrite content and macronutrient deficiency
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hinders denitrification, all of which has negative
influence on the treatment processes (Zhang et al.,
2021).

The result also indicated that, Abyar- Almashi
samples revealed high OTU abundance (75),
while samples from Abyar-Ali showed lower
richness (39 OTUs). The root sample from
Abyar-Almashi (MM3) had the highest number
of OTUs, whereas the least number of OTUs was
observed in the leaves sample of Abyar-Ali region
(MA1). The low number in this sample is not
an indication of sequencing problem nor to low
coverage since the raw and clean data and reads
of this sample are very similar and even higher
compared to other samples as shown in Table 1.
However, it may indicate low bacterial diversity
in the leaves as it is completely occupied by single
bacterial genus. This could possibly be explained
by the high salinity level in Abyar-Ali irrigation
water leading to the accumulation of phenol and
hydrogen peroxide (H,0,) in the leaves of M.
longifolia. Both are primary stressors produced
in plants in response to salinity stress and are
probably responsible for the significant reduction
in the endophytic population of the leaves
(Raghuwanshi & Prasad, 2018; Fan et al., 2020).
The low diversity in MAL1 affected its curve at
the rank abundance analysis while the curves of
the other samples indicated that MA3 as well as
MM3 have the best species richness followed by
MM1. Similar results were reported by Huo and
his colleagues in 2020, in which root samples had
higher OTU richness than other tissues. This may
be explained by the fact that, most endophytic
bacteria originate from soil (Huo et al., 2020).
Previous researches also observed different levels
of diversity among the endophytic community
isolated from various plant parts (Liu et al., 2017;
Yang et al., 2017).

The taxonomic analysis was in agreement with
other reports. Generally, phylum Proteobacteria,
with all its classes o, B and y-Proteobacteria, is
described as the most dominant in diversity
analysis of endophytes. However, classes of the
Firmicutes and Actinobacteria phyla are also
among the most consistently found as endophytes
(Romero et al., 2014; Alibrandi et al., 2020). At
class level, the result does not come as a surprise
since Alpha proteobacteria is a diverse class that
comprises several genera which show a great
ability to adapt to a broad range of environments
(Ettema & Andersson, 2009). Also, class Alpha
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proteobacteria contains several nitrogen-fixing as
well as plant-growth promoting (PGP) bacteria,
that have been reported to abundantly occur within
plant tissue as endophytes (Kim et al., 2019;
Mahmud et al., 2020; Shi et al., 2021). To the best
of our knowledge, there are no previous studies that
involved next generation metagenomics analysis
of M. longifolia endophytic bacterial community,
however similar results were reported for the
culturable bacterial endophytes isolated from the
same plant (Golinska et al., 2015; Ameen et al.,
2019). Only recently, Enterobacteriaceae have
been established as indigenous components of the
plant microbiome (Erlacher et al., 2015; Cernava
etal., 2019). The result in this study comes in good
agreement with previous findings regarding the
predominance of enterics in lettuce microbiome
due to the type of irrigation water (Williams et
al., 2013). Also, members of Enterobacteriaceae
family are considered as excellent degraders of
organic compounds along with the presence of
recycled irrigation water containing high nitrogen
content like the one used in Abyar-Almashi which
will promote their proliferation (Alegbeleye et
al., 2018; NandaKafle et al., 2018). On the other
hand, recent studies hypothesized that plant
species can recruit specific endophytic bacterial
communities especially Bacillus spp. in response
to abiotic stress factors such as: climate change,
temperature, drought, and salinity (Mackenzie, et
al. 2013; Zhao et al., 2017; Cheng et al., 2018).
In this context, Abyar-Ali could be considered
as extreme environment due to the high levels of
salts found in its irrigation water which explains
the domination of family Bacillaceae (Ibekwe et
al., 2021).

A few Pseudomonas (a dominant genus in
Abyar-Almashi samples) strains were reported as
endophytes in the literatures (Miliute et al., 2015),
some of which acted as an endophytic nitrogen-
fixing bacteria (Rediers et al., 2003), others were
reported to have beneficial interaction with plants
such as secretion of phytohormones, enhanced
plant growth releasing antimicrobial substances or
producing siderophores that induce plant systemic
resistance to pathogens (Lally et al., 2017;
Wicaksono et al., 2018). Recently, it was also
demonstrated that ketosteroid isomerase (KSI)
an enzyme produced by Pseudomonas putida can
act as isopulegone isomerase (IPGI) that produces
pulegone from cis-isopulegone (Leavell et al.,
2016; Currin et al., 2018). This could explain the
high concentration levels of pulegone detected

in Abyar-Almashi leaves samples. Pulegone is a
naturally occurring organic compound that has
been previously reported as a major essential
oil in M. longifolia plant grown in Saudi Arabia
(Alam et al., 2016). Pulegone is also a powerful
naturally occurring insecticides in many mint
species and is used as flavoring agents and
in perfumery (Bozovi¢ et al., 2015). These results
are in agreement with previous studies showing
that the components of the oil from the same plant
could differ quantitatively due to environmental
conditions (Hassan et al., 2020; Burneo et al.,
2021).

Despite that Abyar-Ali area samples were
not rich with the genera of Brevibacillus,
Lysinibacillus and Sphingobacterium still they
have high relative abundance percentage as
unique genera to this location. Endophytic
bacteria  belonging to  Brevibacillus and
Lysinibacillus have been isolated and identified in
other crops (Deng et al., 2011; de Oliveira Costa
et al., 2012). Both species have been recognized
as potential bio-control agents (van Zijll de Jong
et al., 2016; Chen et al., 2017; Santana-Martinez
et al.,, 2019). Sphingobacterium on the other
hand contains salt tolerant bacterial species that
have been reported to improve plant tolerance
to salinity through inducing antioxidant systems
and energy metabolism of plant roots, leading to
systemic tolerance and providing the whole plant
with protection during salt stress (Vaishnav et al.,
2020). Collectively, these results indicated that the
type of irrigation water played a crucial role in
shaping up the microbial community associated
with the M. longifolia growing in Abyar-Ali in
respect to types and numbers causing it to be
more diverse from those collected from Abyar-
Almashi as supported by the Alpha and beta
analysis. Alpha and beta analysis also suggests
that the improved growth in Abyar-Ali plant parts
may be related to the diversity in their bacterial
endophytic associates.
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